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Preface
The enteric nervous system is of special interest because it is the only substantial grouping of neurons outside the central nervous system that form circuits capable of autonomous refl ex activity. In humans it contains around 500 million neurons that fall into about 20 functional classes. Because of its size, complexity, and certain structural similarities, it has been likened to a second brain. Although the enteric nervous system was discovered almost 150 years ago, and several remarkably insightful hypotheses about its functions were made in the 19th century, a long period ensued in which progress was meagre in comparison to the effort made, because methods available were not adequate to determine the intrinsic circuitry of the enteric nervous system and the properties of its constituent neurons. In the last 20-30 years, new techniques, and excellent application of such techniques, have provided a wealth of information on the structural complexity, neuron types, and connectivity of the enteric nervous system and on the transmitters and cell physiology of enteric neurons. Beginning at an earlier time, and proceeding in parallel, have been investigations of the patterns of movement and secretory functions of the digestive tract, and their control.
This book aims to integrate the detailed cellular knowledge of the enteric nervous system with the more macroscopic information that is provided by physiological studies of organs, especially in the living animal or human. In doing so, I have tried to deal with the emergence of knowledge in historical perspective, where possible by drawing on early information to acknowledge the contributions made by pioneers of enteric neurobiology, and in places to reproduce original illustrations from early publications. I hope that the reader will enjoy this approach. I have also created many new illustrations, especially of the organization of enteric nerve circuits, which I hope will provide an understanding of the enteric nervous system that the written word cannot easily convey.
The fi rst four chapters lay the groundwork, by dealing with the structure of the enteric nervous system, the defi ning cell physiological, morphological, x PREFACE and neurochemical properties that allow its neurons to be functionally classifi ed, the enteric neurotransmitters and the intrinsic nerve circuits within the alimentary tract. This is followed by two chapters on gastrointestinal physiology, fi rst on the contractile activity of the muscular walls of the digestive tract and the second on secretory function. In these two chapters I try to develop an understanding of the roles of enteric neurons and how they perform these roles. I have also sought to relate control through enteric circuits to control exerted by the vagus and the sympathetic innervation of the digestive organs, and to a lesser extent through the pelvic nerves.
The involvement of altered structure and function of the enteric nervous system in some disease states is well recognized. Nevertheless, how to use the new-found knowledge of the enteric nervous system to understand the relations between changes in the neurons and clinical manifestations of disease is a challenge. Moreover, how the neurons might be manipulated by therapeutic compounds to ameliorate disorders of the digestive system is elusive, in many cases. The problems of understanding and treating digestive diseases that involve the enteric nervous system, or functions controlled by the enteric nervous system, are touched on throughout the book, and are specifi cally discussed in Chapter 7.
In writing this book I have relied on the assistance and advice of many colleagues who have generously read and commented on parts of book, in some cases through several drafts. My special thanks go to Dr Paul Andrews, Dr Joel Bornstein, Dr Axel Brehmer, who also helped me with the interpretation of some of the older literature published in German, Dr Nadine Clerc, Dr Helen Cox, Dr Roberto de Giorgio, Dr Giorgio Gabella, Dr Peter Holzer, Dr Terumasa Komuro, Dr Alan Lomax, Dr Kulmira Nurgali, Dr Michael Schemann, Dr Keith Sharkey, Dr Henrik Sjövall, Dr Werner Stach, who provided previously unpublished micrographs, Dr Jean-Pierre Timmermans, Dr Marcello Tonini and Dr Heather Young. For assistance in the preparation of the illustrations I am very grateful to Melanie Clarke, Anderson Hind, and Trung Nguyen, and for editorial help and assistance with the references, to Emma James. I would also like to thank the many colleagues who gave permission for illustrations to be included in the book.
I hope that this book succeeds in linking the extensive knowledge of the structure and cell physiology of the enteric nervous system to an understanding of digestive physiology, and that in so doing it helps provide a rational basis for therapeutic intervention, and even reasons why some interventions may fail.
I enjoyed writing the book, although at times it was a hard task. I hope that in reading the book you encounter only the enjoyment.
John 
1: Structure of the enteric nervous system
A vast amount of neural tissue, which constitutes the enteric nervous system, is embedded in the wall of the gastrointestinal tract. Within the enteric nervous system, nerve cells and supporting (glial) cells are grouped in small clusters, the enteric ganglia, which are interconnected by nerve fi ber bundles ( Fig. 1.1 ). The individual ganglia are small, but are so numerous that the system as a whole contains millions of nerve cells. The processes of these nerve cells connect with other neurons and innervate the muscle, secretory epithelium, and blood vessels of the digestive tract, biliary system, and pancreas. Processes of nerve cells from outside the digestive tract also connect with enteric neurons, and intermingle with processes of enteric neurons. A remarkable aspect of the enteric nervous system is that its refl ex circuits are capable of directing the functions of the digestive system without relying on commands from the brain or spinal cord. This independence is modulated by the rich interchange of signals between the enteric and central nervous systems. The fi rst clear descriptions of ganglionated plexuses within the wall of the digestive tract were those of Meissner (1857), Billroth (1858), and Auerbach (1862a,b, 1864). Remak (1840, 1852) had earlier noted the presence of microscopic ganglia in the walls of the pharynx and stomach, but his descriptions do not suggest that he recognized a ganglionated plexus.
Following their discovery, the enteric ganglia and plexuses attracted considerable attention and numerous descriptions of their organization were published, including those of Henle (1871), Drasch (1881), Dogiel (1895b , 1899 ), Cajal (1911 , Kuntz (1913 , 1922 ), Hill (1927 , Schabadasch (1930a,b) , Stöhr (1930), and Irwin (1931) . These studies, and the contemporary literature they cite, provide detailed information on the sizes, arrangements and interconnections of the ganglia.
The descriptions that Meissner, Billroth, and Auerbach provided of the general organization of the ganglionated plexuses, based on quite primitive techniques to reveal the nerve tissue, were not superseded by work in the subsequent 100 years and the descriptions of the arrangements of the enteric plexuses that are set out in the following pages were essentially established by the time of the reviews of Schabadasch (1930a,b) and Stöhr (1930) . An English translation of Auerbach's 1864 description has been published (Furness & Costa 1987) .
The enteric nervous system of the tubular digestive tract (the esophagus, stomach, and intestines) is formed of a number of interconnected networks, or plexuses, of neurons, their axons, and enteric glial cells (Fig. 1.1) . In the Fig. 1.1 The enteric plexuses as they are seen (A) in wholemounts and (B) in transverse section. The drawings depict the small intestine. There are two ganglionated plexuses, the myenteric and the submucosal plexuses, in addition to nerve fi bers that innervate the muscle layers, the mucosa and intramural arterioles. Nerve fi bers enter the intestine with mesenteric blood vessels in paravascular nerves (B). Adapted from Furness and Costa (1980) . small intestine and colon, most nerve cells are found in two sets of ganglia, the ganglia of the myenteric (Auerbach's) plexus and of the submucosal plexus (often referred to as Meissner's plexus, but see below). The axons of these nerve cells innervate other ganglia and the tissues of the digestive organs, such as the muscle layers and the mucosa.
The enteric plexuses

Myenteric plexus
The myenteric plexus is a network of nerve strands and small ganglia that lie between the outer longitudinal and inner circular muscle layers of the external muscle coat of the intestine (Fig. 1.2) . The network is continuous around the circumference and along the gastrointestinal tract ( Fig. 1.3) . The myenteric ganglia vary in size, shape, and orientation between animal species and from one part of the intestine to another (Fig. 1.4 ), but the shape of the meshwork is usually characteristic and readily identifi ed in any major region from a particular species (Irwin 1931 , Gabella 1981a . Although the pattern is easily recognized, considerable variation in the size of ganglia is encountered. In the ileum of the guinea-pig, ganglia range in size from 5 to over 200 nerve cell bodies. Single nerve cell bodies are occasionally encountered outside the main meshwork of the plexus, usually adjacent to a nerve strand. The ganglia are sometimes referred to as the nodes of the plexus because they lie at the junctions of nerve strands, which in turn are called internodal or interganglionic strands, or sometimes interganglionic connectives. The ganglia are deformable and are distorted by the movements of the muscle. Thus measurement of such features as their shape and spatial density must take into account the state of contraction of the gut wall (Gabella & Trigg 1984) .
Three components of the myenteric plexus are described ( Fig. 1.5 ): a primary plexus, a secondary plexus, and a tertiary plexus (Auerbach 1864 , Schabadasch 1930a ,b, Stöhr 1930 , Li 1940 , 1952 . Together, the ganglia and internodal strands make up the primary meshwork of the myenteric plexus. Many of the nerve fi bers in an internodal strand do not enter the ganglion with which a strand connects, but pass over the ganglion, usually between the ganglion and the longitudinal muscle, and continue in another internodal strand. Finer nerve fi ber bundles, constituting the secondary component of the plexus, branch from the primary internodal strands or arise from ganglia, but do not usually link adjacent ganglia. The secondary strands run parallel to the circular muscle bundles and often cross internodal strands. They run on the inner aspect of the primary plexus and ganglia, between the primary plexus and the circular muscle (Schabadasch 1930b , Stöhr 1952 . Auerbach (1864) traced nerve processes from the secondary strands to the circular muscle, a connection that has been confi rmed (Wilson et al. 1987) . The secondary strands can be seen in Auerbach's drawing ( Fig. 1.2) . The tertiary meshwork (tertiary plexus) is made up of fi ne nerve bundles that meander in the spaces between the meshwork formed by the primary plexus (Richardson 1958 , Llewellyn Smith et al. 1993 , Furness et al. 2000 (Fig. 1.5 ). Nerve bundles of the tertiary plexus can be traced from primary internodal strands, ganglia and secondary strands. The defi nition of the tertiary plexus given here accords with that of Stöhr (1930) , which is different from that given by Schabadasch and Li. The defi nitions of the latter authors combine the secondary and tertiary plexuses under the name secondary plexus and they call the tertiary plexus those fi ne fi bers that run parallel to and extend into the circular muscle and which join the deep muscular plexus. I refer to these fi bers as the circular muscle plexus, or simply as the circular muscle innervation.
Submucosal plexus
A submucosal ganglionated plexus is found in the small and large intestine (Figs 1.6, 1.7), and was fi rst described in the mid-19th century by Meissner (1857) and Billroth (1858). Although scattered ganglia are found in the submucosal layer in the esophagus and stomach, these do not form a ganglionated plexus comparable to that of the intestines.
In general, the interconnecting strands of the submucosal plexus are fi ner and the ganglia are smaller than those of the myenteric plexus (Henle 1871, The three components of the myenteric plexus found in small animals are shown in a drawing of a wholemount from the guinea-pig small intestine. Common to all species is the primary component of the plexus (1), consisting of the ganglia and internodal strands (interganglionic connectives), and the secondary component (2), consisting of nerve strands lying parallel to the circular muscle (across the page). The tertiary plexus (3) is found only where the longitudinal muscle is thin; in such regions, few nerve fi bers are found within the longitudinal layer. Neuron cell bodies are depicted as white ovals in the ganglia. Redrawn from Furness and Costa (1987) . Calibration: 100 μm. Fig. 1.6 Distribution of enteric ganglia in the tubular digestive tract. The gastrointestinal tract is represented schematically in longitudinal section to reveal the myenteric ganglia, which form a continuous plexus from the upper esophagus to the internal anal sphincter, and the submucosal plexus, which is prominent in the small and large intestines. Isolated ganglia occur in the gastric and esophageal submucosa and in the mucosa throughout the digestive tract. From Furness et al. (1991) . Goniaew 1875 , Timmermans et al. 2001 ). The plexus is continuous around the circumference and along the length of the small and large intestines.
The arrangements of ganglia in the submucosal plexus, and the functional types of neurons in these ganglia, differ between species (Scheuermann et al. 1987b ,c, Hoyle & Burnstock 1989 , Timmermans et al. 1990 . In large animals, good examples being the pig and human, submucosal ganglia form distinct, but interconnected, plexuses that lie at different levels, as fi rst clearly described by Schabadasch (1930b) . Two or sometimes three layers of ganglia have been distinguished (Schabadasch 1930b , Gunn 1968 , Hoyle & Burnstock 1989 , Timmermans et al. 2001 . Ganglia at different depths contain different populations of neurons, these variations being apparent in the shapes and chemical natures of the constituent nerve cells. The inner ganglionated plexus (closer to the gut lumen) has been likened to the plexus described by Meissner (1857) and the outer has been identifi ed with that described by Henle (1871) and Schabadasch (1930b) . Because it is not completely clear who should be credited with the discovery of individual components of the submucosal plexus, it seems sensible to refer to the most obvious groupings as the inner and outer submucosal plexuses (Timmermans et al. 2001) , the inner being that closer to the intestinal lumen, and the outer that closest to the circular muscle layer. Among the neurons of the outer plexus are some that supply innervation to the circular and even to the longitudinal muscle (Sanders & Smith 1986 , Furness et al. 1990a , Timmermans et al. 1994 , 1997 , Fig. 1.7 Drawing of the submucosal plexus of the small intestine of a 6-day-old child, published by Billroth (1858). It accurately depicts the ganglia, with nerve cells drawn as small circles, and the connecting strands. Note that Billroth depicts ganglia and nerve strands at two levels. Calibration (approx): 250 μm. Porter et al. 1999) . The outer submucosal plexus also supplies innervation to the mucosa. The inner submucosal plexus has few neurons that supply the muscle, but many that innervate the mucosa (Porter et al. 1999 , Timmermans et al. 2001 . In small mammals, typifi ed by the guinea-pig, there is generally a single layer of submucosal ganglia, and these ganglia contain secretomotor neurons, but not motor neurons that supply the external muscle; in fact, in the guinea-pig there are four main types of neurons in the submucosal ganglia of the small intestine (Furness et al. 1984 (Furness et al. , 2003a . The ganglia of the submucosal plexus in small mammals most closely resemble those of the inner submucosal plexus of larger species.
Paucity of ganglia in the submucosa of the esophagus and stomach
Extensive submucosal ganglionated plexuses, such as those found in the small and large intestines, do not occur in the esophagus (Harting 1934 , Schofi eld 1960 , Rash & Thomas 1962 , Christensen & Rick 1985a , Izumi et al. 2002 . Small groups of nerve cell bodies are occasionally found adjacent to submucosal mucus-secreting glands that are scattered along the esophagus, although some investigators have reported that there are no nerve cell bodies at all in the submucosa of the esophagus (Christensen & Rick 1985a) .
Submucosal ganglia are absent or extremely rare in the stomach of small animals (guinea-pig and rat) and are sparse, but clearly present, in larger mammals, such as dog, human, and cat (Schabadasch 1930a , Kyösola et al. 1975 , Stach et al. 1975 , Radke et al. 1978 , Christensen & Rick 1985a , Furness et al. 1991 , Schemann et al. 2001 , Colpaert et al. 2002 and denervation and tracing experiments show that the intrinsic innervation of the gastric mucosa is derived almost entirely from the myenteric ganglia (Furness et al. 1991 , Pfannkuche et al. 1998 . Submucosal nerve cells that do occur in the stomach are more common in the antrum. Some of the myenteric ganglia extend into the clefts (septa) between the large blocks of circular muscle in the stomach and can be mistaken for submucosal ganglia.
Ganglia in the mucosa
Small groups of nerve cell bodies occur in the lamina propria of the mucosa in the small and large intestine, and, rarely, in the stomach (Drasch 1881 , Vau 1932 , Stöhr 1934 , Ohkubo 1936 , Isisawa 1939 , 1949 , Lassmann 1975 , Newson et al. 1979 , Fang et al. 1993 , Balemba et al. 1998 ). Stöhr (1934 has suggested that these are displaced (ectopic) submucosal ganglia. These nerve cells are almost always close to the muscularis mucosae, that is, they are close to the inner submucosal plexus.
Subserosal plexus
This is a plexus of fi ne nerve bundles that is found in the connective tissue layer at the surfaces of digestive organs, for example between the serosal lining of the peritoneal cavity and the external muscle of the intestine (Schabadasch 1930b). These nerve bundles connect extrinsic nerves and nerves of the deeper layers of the gut wall, as was recognized and described by Auerbach (1864). Small ganglia sometimes occur in the subserosal plexus, particularly in the esophagus and stomach and near the mesenteric attachment of the intestine and on the surface of the rectum. Some subserosal ganglia lie within or adjacent to the branches of the vagus nerves as they enter the walls of the stomach and esophagus.
Longitudinal muscle innervation and the tertiary plexus
The longitudinal muscle is innervated by a longitudinal muscle plexus, which consists of fi ne bundles of nerve fi bers that run parallel to and within the muscle, or by the tertiary component of the myenteric plexus, which consists of axons in bundles that lie against the inner surface of the muscle (Richardson 1958) . How the muscle is innervated seems to be simply determined by its thickness. In large animals, and in small animals where this muscle layer is thickened, for example in the teniae which occur in the large intestines of some species, a longitudinal muscle plexus is observed. Where the muscle layer is less than about 10 muscle cells thick, it is innervated exclusively by fi ne nerve bundles of the tertiary component of the myenteric plexus. These bundles are frequently found in small grooves at the inner surface of the muscle (Llewellyn Smith et al. 1993) . The tertiary plexus is described in more detail above (see Fig. 1 .5).
Circular muscle innervation
Fine nerve bundles that run parallel to the length of the muscle cells are found throughout the thickness of the circular muscle ( Fig. 1.8 ). These bundles connect with the primary and secondary components of the myenteric plexus and with the deep muscular plexus in the small intestine. The nerve fi ber bundles of the circular muscle plexus form a continuous meshwork both around the circumference of the intestine and, through oblique interconnecting nerve strands, along its length. In small mammals, most of the axons within the circular muscle plexus derive from motor neurons with cell bodies in the myenteric ganglia, but there are some fi bers that come from nerve cells in the outer ganglia of the submucosal plexus. Fibers that originate from submucosal ganglia are more numerous in larger species (see above and Chapter 2).
Deep muscular plexus and submuscular plexus
An aggregation of nerve fi ber bundles is found near the inner part of the circular muscle layer of the small intestine (Li 1937 , 1940 , Taxi 1965 , Gabella 1972b , 1974 (Fig. 1.9 ) and also of the large intestine (Stach 1972 , FaussonePellegrini & Cortesini 1984 , Faussone-Pellegrini 1985 , Christensen & Rick 1987b . These concentrations of innervation were described by Cajal (1895, Fig. 1.8 Nerve fi bers in the circular muscle. This micrograph is of a wholemount preparation of the circular muscle of the guinea-pig small intestine, stained with the Champy-Maillet zinc iodide and osmium technique. The level of focus corresponds to the deep muscular plexus. Major nerve fi ber bundles run approximately parallel to the long axes of the muscle cells and there are many connections between these bundles. Calibration: 50 μm. Fig. 1.9 Diagram to illustrate the nerve supply to the mucosa of the small intestine, as seen in histological section. The nerve fi bers are in small bundles that form a continuous network in the connective tissue of the mucosa, the lamina propria (lp). The mucosal nerve network can be divided into interconnecting subglandular, periglandular, and villous components. Muscularis mucosae, mm; gland, gl.
1911) who provided two descriptive names, plexus musculaire profond (deep muscular plexus) and plexus sous-musculeux (submuscular plexus) (Cajal 1911) . A concentration of fi bers near the inner surface of the circular muscle coat is not observed in the canine stomach (Furness et al. 1990a) , although there is some degree of concentration of innervation in the human stomach (Faussone-Pellegrini et al. 1989) .
It is of interest that Cajal provided two names, because there is a subtle difference that these two names accommodate. In the small intestine, the plexus separates a thin layer of muscle cells from the bulk of the circular muscle, and here it has been generally referred to as the deep muscular plexus (Li 1937 , Gabella 1974 . In some regions, good examples being the dog and pig colon, there is no layer of muscle internal to the plexus, which lies at the extreme inner surface of the circular muscle, adjacent to the submucosa (Stach 1972 , Christensen & Rick 1987b , Furness et al. 1990a . In this position, it can be called the submuscular plexus.
The nerve bundles of the deep muscular and submuscular plexuses form continuous meshworks around the circumference and along the intestine. Their predominant orientation is parallel to the direction of the circular muscle, with frequent oblique connections between adjacent bundles ( Fig. 1.8) .
The reason why part of the innervation of the circular muscle is concentrated close to its inner surface is not known, but the axons have the same spectrum of neurochemical types as axons in the rest of the circular muscle. It may simply be that the circular muscle is innervated asymmetrically, just as the innervation of arteries is asymmetric (in arteries, the axons are primarily at the outer border of the muscle coat) and the innervation of the longitudinal muscle through the tertiary plexus is asymmetric. Interstitial cells of Cajal (ICC) lie in close proximity to nerve fi bers of the deep muscular plexus and they have a critical role as intermediates in transmission between the axons of motor neurons and the smooth muscle cells (Chapters 4, 5).
Innervation of the muscularis mucosae
The layers of smooth muscle at the surface of the mucosa, adjacent to the submucosa, are known as the muscularis mucosae. In general, this consists of inner bundles of circularly disposed smooth muscle cells and outer longitudinally oriented smooth muscle, but in some places it is thin and has smooth muscle bundles at various orientations. In the esophagus, the muscle bundles are arranged primarily in a longitudinal direction. Fine nerve fi ber bundles that run parallel to the long axes of the muscle cells make up the innervation of the muscularis mucosae. In the small intestine, bundles of smooth muscle that are considered part of the muscularis mucosae make fi nger-like intrusions into the cores of the villi and in the stomach similar slivers of muscle are found between gastric glands. These intra-mucosal muscle bundles are also accompanied by nerve fi bers.
Mucosal innervation
The structure of the mucosa varies more from one part of the gastrointestinal tract to another than do the structures of other layers. In the small intestine, it consists of the muscularis mucosae, the connective tissue (lamina propria), into which simple tubular glands protrude (the intestinal crypts, or glands of Lieberkuhn), and the villi. The lining of the glands and the surface of the villi are a single layer columnar epithelium. A dense network of fi ne interconnecting nerve bundles that is found throughout the connective tissue (lamina propria) of the mucosa (Fig. 1.9 ) makes up the mucosal innervation and was described in the 19th century (Billroth 1858 , Drasch 1881 , Müller 1892 , Berkley & Baltimore 1893 , Cajal 1895 , 1911 . The mucosal innervation in the small intestine can be divided into different components: a subglandular plexus, a periglandular plexus, a villous subepithelial plexus, and a plexus of the villous core. There is some specifi city in the nerve fi bers that contribute to the different components. For example, in guinea-pig small intestine, calretinin immunoreactive secretomotor neurons selectively supply the subglandular and periglandular components (Brookes et al. 1991a , Clerc et al. 1998b . In the stomach and colon, nerve fi bers are found throughout the depth of the mucosa, and there is also a dense mucosal innervation in the gall bladder. A sparser plexus of nerve fi bers occurs adjacent to the mucosal epithelium in the esophagus, which is a protective stratifi ed epithelium that is devoid of secretory elements.
The nerve fi bers that innervate the mucosa lie in the connective tissue of the lamina propria, they do not penetrate the epithelium, which is a single layer in the stomach, small intestine, and colon. Some nerve fi bers, which are believed to be sensory, penetrate the inner layers of the stratifi ed epithelium that lines the esophagus (Rodrigo et al. 1975 , Clerc & Condamin 1987 .
Nerve fi bers in the mucosa inevitably come close to entero-endocrine cells of the gastric and intestinal epithelium. It is diffi cult to defi ne any special relationship with the entero-endocrine cells, even using electron microscopy. Nevertheless, there are functional interactions between nerve fi bers of the mucosal plexus and the endocrine cells (Chapter 2). Nerve fi bers in the mucosa also come close to cells of the immune system, e.g. lymphocytes, and to the lymph nodules (Peyer's patches) that occur in the mucosa (Chapter 2).
